We experimentally study the fields close to an interface between two photonic crystal waveguides that have different dispersion properties. After the transition from a waveguide in which the group velocity of light is v g ∼ c=10 to a waveguide in which it is v g ∼ c=100, we observe a gradual increase in the field intensity and the lateral spreading of the mode. We attribute this evolution to the existence of a weakly evanescent mode that exponentially decays away from the interface. We compare this to the situation where the transition between the waveguides only leads to a minor change in group velocity and show that, in that case, the evolution is absent. Furthermore, we apply novel numerical mode extraction techniques to confirm experimental results.
Photonic crystal (PhC) waveguides that support slowlight modes present new opportunities for enhancing linear and nonlinear optical effects and realization of compact optical delay lines [1, 2] . Waveguide dispersion and group velocity can be controlled precisely by modifying the PhC geometry to achieve broadband slow-light propagation [3] or other dispersive properties tailored for applications, such as tunable delays [4] or switching [5] . In order to utilize the benefits of slow light in PhC waveguides, light must be efficiently coupled to them.
Coupling to slow-light PhC modes was thought to be difficult [6] , one reason being the mismatch in mode profiles between fast and slow light in PhCs. Theoretical work has demonstrated that evanescent modes can play a role in allowing efficient excitation of slow light [7] . Evanescent modes can be excited at interfaces with other waveguides, where they assist in matching the transverse mode profiles on either side of the interface [8] . It was predicted that the presence of a weakly evanescent mode near the inflection point of a PhC waveguide's dispersion curve allows better than 99% coupling efficiency from an incident mode with group velocity v g ∼ c=5 to one with v g ∼ c=1000 [7, 8] . More generally, evanescent modes play a crucial role in "frozen light" in which light can be perfectly coupled to zero group velocity modes [9] . A mathematical description of propagating and evanescent modes in PhCs is given in [10] .
Here, we report experimental evidence for the existence of weakly evanescent modes at an interface to slow-light PhC waveguides. We show that, at low group velocities in these waveguides, the field intensity grows and the lateral extent of the electric field increases gradually into the slow-light waveguide, while this behavior is absent at higher group velocities. Both the gradual rise in intensity and the evolution of the field profile are signatures of a weakly evanescent mode. A novel numerical mode extraction technique [11] confirms these conclusions and reveals an evanescent mode that decays over a length of ∼10 PhC periods.
The PhC consisted of three waveguide sections: an 80 μm long central waveguide supporting a mode with a dispersion inflection point, at which v g < c=100, connected at both ends to 10 periods of modified waveguide. For the frequencies used in this investigation, the end waveguides supported a relatively fast mode, with group velocity v g ≈ c=5. The outer PhC sections were connected to tapered ridge access waveguides. The samples were fabricated on a silicon-on-insulator wafer consisting of a 220 nm Si layer on a 2 μm layer of silica using electron beam lithography and reactive ion etching. The PhCs were underetched using hydrofluoric acid to form symmetric Si membranes in air. The geometry is illustrated in Fig. 1(a) . Only one end of the structure is shown, the other being the mirror image. The PhC waveguides were formed in a triangular lattice of holes with period d ¼ 420 nm and hole radius r ¼ 128 nm ¼ 0:305d. To create an inflection point in the dispersion curve, we locally modified the geometry by shifting the first two rows of holes on either side of the waveguide in a direction parallel to the waveguide. The first row of holes was displaced by p 1 ¼ 0:3d, and the second row by p 2 ¼ 0:4d in the same direction, as illustrated in Fig. 1(a) . The PhC sections at either end were similar to the central section, but the lattice was "stretched" by 30 nm per unit cell along the waveguide so that the wavelength of the inflection point in the central section coincided with a fast mode in the end sections. A similar approach was used in [7] to demonstrate efficient coupling between fast and slow PhC modes.
The waveguide was characterized by obtaining transmission and group velocity spectra. The group velocity was measured using Fourier transform interferometry [12] . The measured transmission and group index are shown in Figs. 1(d) and 1(e), respectively. We attribute the sharp drop in transmission in the slow-light region to increased propagation loss rather than inefficient coupling to the slow-light mode. The dispersion curves for the two waveguide sections, obtained by fitting threedimensional band structure calculations to the measurements, are shown in Fig. 1(b) . The group index obtained by the same calculation is shown in Fig. 1(d) . At a freespace wavelength of λ ¼ 1533:95 nm, indicated by a horizontal dashed gray line, the dispersion of section (ii) of the waveguide displays an inflection point, with a correspondingly high group index n g ∼ 100. At the same wavelength, the dispersion curve in section (i) is steep, resulting in a relatively low group index n g ∼ 5. On the other hand, at λ ¼ 1525 nm, indicated by the other dashed gray line in Fig. 1 , n g ∼ 5 in the outer sections and n g ∼ 10 in the central section. We study the interface between sections (i) and (ii) at these two wavelengths.
We perform phase-and polarization-sensitive nearfield optical measurements [13] on the waveguide, which can separate forward and backward-propagating Bloch modes [14] . Figure 2 depicts jE x j, the modulus of the transverse component of the electric field, i.e., the component that oscillates perpendicular to the waveguide, as a function of position (in units of d). Light propagates from left to right. The measurement of Fig. 2(a) was taken at λ 1 ¼ 1525 nm. At this wavelength, the group velocity in the central waveguide is v g ∼ c=10. The measurement of Fig. 2(b) was taken at λ 2 ¼ 1533:95 nm. At this wavelength, the group velocity in the central waveguide is v g ∼ c=100. The amplitude was normalized in both images such that the maximum amplitude in the first waveguide is equal to 1.
We clearly observe different behavior of the electric field in the two cases. Close to the inflection point, the electric field amplitude grows into the slow-light section by a factor of ∼5, as expected [8] . Far from the inflection point, it grows by less than 10%. Another difference is that, far from the inflection point, the electric field does not expand laterally after entering the central waveguide.
To the contrary, close to the dispersion inflection point, the field laterally expands further into the PhC lattice. A deeper penetration of the field into the surrounding crystal is indeed expected for slow light; what is striking here is that the expansion grows over several tens of periods, which indicates an evanescently decaying mode. A beating with a period of five lattice constants is evident in both images due to the interference between forwardand backward-propagating Bloch modes.
The integrated intensity R jE 2 x jdx is plotted in Fig. 3 (a) as a function of position along the waveguide, y. The solid vertical line indicates the interface between the two PhC sections. In the first 15 periods beyond the interface, intensity at λ 2 grows to a value about ten times higher than the intensity at λ 1 , consistent with the measured slowdown factor of 10. The rise in intensity was pointed out in [8] , based on numerics. The modes interfere destructively at the interface, and, since one is evanescent, further into the waveguide only the propagating mode remains, resulting in a field strength that is higher further down the waveguide than at the interface. As the light propagates even further, the measured intensity starts to decay, due to propagation losses [15, 16] .
To quantitatively study the broadening of the mode profile in the case of coupling to slow light, we determine the variance of the intensity along the length of our structure. The variance is defined as
Here, IðxÞ is the measured intensity and μ is the center of mass on the x axis. The variance shows directly how much the intensity spreads into the surrounding PhC lattice. The variance is depicted in Fig. 3(b) . To avoid effects due to the interference of different Bloch harmonics, the variance is averaged over each unit cell. At λ 1 ¼ 1525 nm, the variance does not change noticeably over the length of the waveguide. At λ 2 ¼ 1533:95 nm, however, the mode expands progressively as it propagates further into the second waveguide, with the variance growing by a factor of ∼2. Both the gradual expansion of the mode and the rise in intensity are signatures of a weakly evanescent mode excited at the interface between the fast and slow sections of the waveguide.
To retrieve the dispersion of the evanescent mode, we perform a series of near-field measurements at different wavelengths. We apply a numerical dispersion extraction technique [11] to find the optimal combination of propagating and evanescent Bloch modes (solid and dashed gray lines in Fig. 1(b) ]. As pointed out in [8] , at the inflection point, the evanescent and propagating modes are phase matched. The imaginary component of the wave vector [ Fig. 1(c) ] contains a dip centered at the inflection point. There, the evanescent mode decays only weakly, with a decay length of ∼10 periods, and assists in the coupling to slow light [8] , consistent with the measured gradual spread of the mode and rise in intensity.
In conclusion, we have used a combination of direct near-field measurements and dispersion extraction techniques to observe experimentally the excitation of a weakly evanescent mode at the interface between two PhC waveguides supporting propagating modes with very different group velocities. Such evanescent modes have been shown theoretically to enable very efficient coupling between fast and slow light, and also play a crucial role in the phenomenon of frozen light. This work provides a framework for further experimental studies of frozen light behavior in PhCs.
